Introduction
============

Pancreatic cancer is an aggressive disease with high morbidity and mortality and an overall 5-year survival rate of \<5% ([@b1-ol-0-0-10627],[@b2-ol-0-0-10627]). The typical prognosis for patients with pancreatic cancer is poor due to rapid disease progression and a lack of effective therapies for the disease in its later stages ([@b3-ol-0-0-10627],[@b4-ol-0-0-10627]). The majority of patients with pancreatic cancer are not eligible for surgery due to diagnosis in the late stage of disease, while the disease also has low sensitivity to radiotherapy ([@b5-ol-0-0-10627]--[@b7-ol-0-0-10627]). In addition, chemoresistance is often observed, which greatly reduces the efficacy of chemotherapy ([@b8-ol-0-0-10627]). Gemcitabine (GEM), which is a first-line drug for the treatment of pancreatic cancer, has been reported to improve the therapeutic efficacy and patient quality of life compared with traditional chemotherapeutic agents ([@b9-ol-0-0-10627]). However, with the emergence of GEM resistance, the treatment efficacy of GEM in pancreatic cancer is declining ([@b10-ol-0-0-10627]). Although the mechanisms of GEM resistance in pancreatic cancer have been widely explored, it still remains largely unclear. It is therefore of great importance to construct GEM-resistant pancreatic cancer cell lines in order to further explore the mechanisms of GEM-resistance and develop an effective strategy to overcome drug resistance and improve treatment efficacy.

The P53 gene is an important antioncogene ([@b11-ol-0-0-10627]). As a nuclear transcription factor, the p53 protein can activate the expression of many target genes, induce DNA damage, and subsequently lead to cell senescence and death ([@b12-ol-0-0-10627]). A previous study has shown that the p53 protein not only plays an important role in tumorigenesis, but also participates in the generation of drug resistance of many chemotherapeutic drugs, including GEM ([@b13-ol-0-0-10627]). Thus, the protein expression of p53 in the GEM-resistant cells are line SW1990-GZ was compared to the primary SW1990 cells in the present study.

In the present study, the GEM-resistant pancreatic cancer cell line SW1990-GZ was established by exposing parental SW1990 cells, which cannot tolerate GEM, to increasing concentrations of GEM. The GEM-resistant cell line SW1990-GZ was established and the characteristics of SW1990 and SW1990-GZ cells, including the protein expression of p53, were assessed and compared.

Materials and methods
=====================

### Materials

The human pancreatic cancer cell line SW1990 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). MTT and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Also, 2,2-difluorodeoxycytidine (gemcitabine, GEM) was purchased from Eli Lilly Company. Phosphate-buffered saline (PBS), fetal bovine serum (FBS), and RPMI-1640 were obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

### Establishment of the GEM-resistant cell line SW1990-GZ

The GEM-resistant cell line SW1990-GZ was established by exposing SW1990 cells to increasing concentrations (0.01 µg/ml to 0.5 µg/ml) of GEM during the growth phase at 37°C for 1 week. SW1990 cells were cultured in RPMI-1640 containing 10% FBS and different concentrations of GEM. Cell apoptosis was assessed using an MTT assay, and the median lethal dose of SW1990 cells was identified to be 0.07 µg/ml. SW1990 cells were the cultured in the RPMI-1640 containing 0.1 µg/ml GEM at 37°C for 48 h, following which the culture and dead cells were replaced with fresh drug-free medium. The remaining cells were cultured under the aforementioned conditions until the logarithmic phase of cell growth was reached. The cells were passaged twice and re-cultured in medium containing GEM at 0.1 µg/ml until they stabilized. The medium was subsequently replaced with culture medium containing 0.4 µg/ml GEM and cultured with a cycle progress as mentioned previously, according to a four-fold increase in the drug concentration. Finally, the cells were cultured in medium containing 400 µg/ml GEM. The remaining viable cells were determined to be stably resistant to high concentrations of GEM. After 10 months, a stable gemcitabine-resistant cell line was successfully acquired and designated as SW1990-GZ. The general induction process is illustrated in [Fig. 1](#f1-ol-0-0-10627){ref-type="fig"}.

### Morphologic appearance of SW1990 cells and SW1990-GZ cells

SW1990 cells and SW1990-GZ cells were separately cultured in 25 cm^2^ culture flasks in an atmosphere containing 5% CO~2~, 37°C. When cells entered the logarithmic phase, the morphologic appearance of SW1990 cells and SW1990-GZ cells were visualized under an optical microscope (×100 magnification) and kept for further analysis.

### MTT assay to assess GEM sensitivity in SW1990 and SW1990-GZ cells

To measure GEM sensitivity, SW1990 and SW1990-GZ cells were seeded in 96-well plates (5.0×10^3^ cells/well) and incubated at 37°C for 24 h. The medium was then replaced with 100 µl medium containing different concentrations of GEM (the concentrations were 400, 200, 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, and 0.7815 µg/ml) and cultured at 37°C for an additional 72 h. Subsequently, 20 µl per well of MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA) was added to the cells followed by incubation at 37°C for 4 h. Then, 150 µl DMSO was substituted for the supernatant, followed by oscillation for 10 min. Absorbance at 490 nm was detected using a microplate reader (Multiskan MK3; Thermo Labsystems, Santa Rosa, CA, USA). Cell viability (%) = (OD~with\ drug~-OD~without\ drug~)/(OD~control~-OD~without\ drug~) × 100. The resistance coefficient (R) of SW1990-GZ cells was calculated as follows: R=IC~50~ \[half maximal (50%) inhibitory concentration\]~SW1990-GZ\ cells~/IC~50~ ~SW1990\ cells~. Finally, dose-cell survival curves were drawn. Each experiment was repeated at least 3 times.

### Growth curves of SW1990 and SW1990-GZ cell lines

To compare the viability of SW1990 and SW1990-GZ cells, cells were seeded in 24-well plates (5.0×10^3^ cells/well) and incubated for 24 h at 37°C in an atmosphere containing 5% CO~2~. Cells in three apertures were then selected and the number of viable cells was calculated using an MTT assay. This measurement was repeated each day until day 8 and the growth curve was drawn.

### Cellular uptake of GEM measured using HPLC

To detect the cellular uptake of GEM, SW1990 and SW1990-GZ cells were seeded in 24-well plates (1.0×10^5^ cells/well) and incubated for 24 h. The medium was then replaced with 0.5 ml serum-free medium containing 200 µg/ml GEM and incubated for 2 or 4 h. The cells were washed three times (5 min each time) with PBS, lysed, dissolved in methanol and centrifuged at 7,620 × g for 10 min at 4°C. Finally, the supernatant was obtained and dried, following which the concentration of GEM in SW1990 and SW1990-GZ cells was determined using a Waters HPLC system (Waters Corporation, Milford, MA, USA) comprising a 1,525 binary pump, 2,487 UV/visible detector, 1,500 column heater and a Symmetry C18 column. The UV/visible detector was set at 405 nm and linked to Breeze 2 software (Shenzhen, China) for data analysis. HPLC grade ammonium acetate buffer (0.05 M, pH 5.5) with methanol at a ratio of 85:15 (v/v) was used as the mobile phase at 30°C with a flow rate of 1.0 ml/min. Linear calibration curves for concentrations in the range of 0.1--3.0 µg/ml were constructed by linear regression analysis using the peak areas. The concentration of GEM in the solution was calculated based the standard curve.

### Western blot analysis

SW1990 and SW1990-GZ cells were homogenized in a radio immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 7.4, 0.1% SDS, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1 mM Na~3~VO~4~). Prior to homogenization, a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA; cat. no. P2714) was added. The protein concentration was measured using the Bradford assay. Proteins (50 µg) were separated on 12% SDS-PAGE gels and were then transferred to PVDF membranes (EMD Millipore, Billerica, MA, USA; cat. no. IPVH00010). Polyvinylidene fluoride membranes were blocked in 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA; cat. no. A4737) for 1 h at room temperature and probed with the primary mouse anti-human antibody against p53 (1:1,000; cat. no. 2524; Cell Signaling Technology, Inc., Danvers, MA, USA), and with rabbit anti-human antibody against β-actin (1:1,000; cat. no. BS1002; Bioworld Technology, Inc., St. Louis Park, MN, USA) as an internal control. These samples were then followed by incubation with horseradish peroxidase conjugated rabbit anti-mouse (1:10,000; cat. no. TA130002; OriGene Technologies, Inc., Beijing, China) and goat anti-rabbit (1:10,000; cat. no. TA130015; OriGene Technologies, Inc., Beijing, China) at 37°C for 2 h. The results were visualized using an ECL assay kit (Pierce; Thermo Fisher Scientific, Inc.). The protein levels were analyzed using ImageJ software (v1.8.0; National Institutes of Health, Bethesda, MD, USA) and normalized relative to the internal control.

### Statistical analysis

All the statistical analyses were performed using SPSS, (version 12.0.1; SPSS Inc., Chicago, IL, USA). Quantitative data are expressed as the mean ± standard deviation unless otherwise stated. Statistical analyses of between-group effects on the cytotoxic effects of GEM, the cellular uptake of GEM, and the protein expression of p53 in SW1990-GZ and SW1990 cells were performed using an unpaired Student\'s t-test. The growth of SW1990-GZ and SW1990 cells were assessed using repeated measures two-way analysis of variance (ANOVA) with group as between factor and day as within factor followed by a least significant difference (LSD). P\<0.05 was considered to indicated a statistically significant difference.

Results
=======

### Morphologic changes in SW1990-GZ cells

SW1990 cells were exposed to increasing concentrations of GEM for 10 months to establish a stable gemcitabine-resistant cell line, SW1990-GZ. Compared with SW1990 cells, the gap junction was increased in SW1990-GZ cells, while more granular substances were also observed ([Fig. 2](#f2-ol-0-0-10627){ref-type="fig"}).

### Cytotoxic effects of GEM

To examine the cytotoxicity of GEM, an MTT viability assay was performed for SW1990 and SW1990-GZ cells following treatment with the aforementioned concentrations of GEM. Cell viability was decreased by treatment with GEM in a dose-dependent manner. However, SW1990-GZ cells had a significantly lower sensitivity to GEM compared with SW1990 cells (P\<0.01). These results suggest that SW1990-GZ cells showed obvious GEM resistance ([Fig. 3](#f3-ol-0-0-10627){ref-type="fig"}).

### Growth of SW1990-GZ and SW1990 cells

As presented in [Fig. 4](#f4-ol-0-0-10627){ref-type="fig"}, repeated measures ANOVA revealed that time (number of days cultivated) and group (SW1990 vs. SW1990-GZ) affected the growth of SW1990-GZ and SW1990 cells (time effect: F=12.00, P\<0.01; group effect: F=212.17, P\<0.01; interaction effect: F=12.00, P\<0.01). The results of LSD analysis demonstrated that on days 7, 8 and 9, the growth rate of SW1990-GZ cells was low compared with SW1990 cells.

### Cellular uptake of GEM in SW1990-GZ and SW1990 cells

Following incubation in culture medium containing 200 µg/ml GEM for 2 or 4 h, the uptake efficiency of SW1990 and SW1990-GZ cells was assessed using HPLC. The extraction efficiency of SW1990-GZ and SW1990 cells was found to be 80.26 and 83.12%, respectively. As illustrated in [Fig. 5](#f5-ol-0-0-10627){ref-type="fig"}, following incubation with GEM for 2 or 4 h, the amount of intracellular GEM was significantly lower in SW1990-GZ cells compared with in SW1990 cells, suggesting that SW1990-GZ cells had a reduced intake capacity compared with SW1990 cells (At 2 h, t=7.047, P\<0.05; at 4 h, t=14.81, P\<0.01).

### Protein expression of p53 in SW1990-GZ and SW1990 cells

Compared with the SW1990 cells, the protein expression of p53 was significantly increased in the GEM-resistant SW1990-GZ cells ([Fig. 6](#f6-ol-0-0-10627){ref-type="fig"}).

Discussion
==========

There are a number of methods that may be used to generate drug-resistant cancer cell lines, including gene transfection and drug-induction ([@b14-ol-0-0-10627]--[@b16-ol-0-0-10627]). In the present study, the GEM-resistant SW1990-GZ cell line was established by exposing pancreatic SW1990 cells to gradually increasing concentrations of GEM for 10 months. During the induction process, the following problems should be addressed; firstly, the IC~50~ of parental SW1990 cells should be measured and a safe initial concentration of GEM should then be selected. Secondly, prior to increasing the concentration of GEM, the culture medium should be replaced with GEM-free medium to keep cells in a stable growth condition. If the cells are cultured in medium containing different concentrations of GEM, cell viability may be damaged. Thirdly, the concentration of GEM should be increased by an appropriate gradient. Concentration changes that are too large or too small are not conducive to the formation of stably resistant cells. Finally, during the induction process, basic knowledge of cell culture techniques and technologies is critical. The induction of GEM resistance must be performed with great care in order to successfully establish a resistant cell line.

In the present study, cell sensitivity to GEM and GEM uptake capacity were assessed using MTT and HPLC, respectively. The results indicated that the SW1990-GZ cells were stably resistant to GEM. As such, SW1900-GZ cells may be an ideal cell model for studies aiming to elucidate the mechanisms of drug-resistance in pancreatic cancer. The gradual increase in GEM concentration used in the present study is similar to that observed in chemotherapy. As such, the results of the present study may have clinical applications in cancer therapy.

In the present study, a growth curve was constructed and it was determined that the growth rate of SW1990-GZ cells was significantly lower compared with SW1990 cells. This may be associated with the fact that GEM kills tumor cells primarily via affecting DNA synthesis ([@b17-ol-0-0-10627]). During the establishment of SW1990-GZ cells, GEM is used to treat the growing cells intermittently, so that the cells in the proliferative phase with active DNA synthesis are inhibited earlier. Continuously carrying out such a screening, the pancreatic cancer cells with poor growth and slow sensitivity to GEM are left behind to form GEM resistant pancreatic cancer cell lines. It has previously been demonstrated that tumor formation and growth are maintained by a heterogeneous group of tumor cells and/or a subset of tumor stem cells ([@b5-ol-0-0-10627]). One of the important mechanisms contributing to the formation of drug-resistant tumor cells is that stem cells are not killed, while the majority of tumor cells are killed by chemotherapy drugs ([@b18-ol-0-0-10627],[@b19-ol-0-0-10627]). Another study revealed that cancer stem cells grow slowly or stay dormant for long periods ([@b20-ol-0-0-10627]). In the present study, SW1990-GZ cell growth was much slower compared with the parental SW1990 cell line, which supports previous findings.

The results of the present study also revealed that the GEM uptake capacity was significantly reduced in SW1990-GZ cells compared with SW1990 cells. This suggests that GEM intake was somehow limited in drug-resistant cells or that the drug was rapidly removed from cells after uptake. This eventually leads to a reduced intracellular GEM concentration, resulting in GEM-resistant tumor cells. GEM is a pro-drug which required nucleotides to introduce into cells and exerts a low toxic effect on the cell ([@b21-ol-0-0-10627]--[@b24-ol-0-0-10627]). GEM intake decreases if the expression of human equilibrative nucleoside transporter (hENT1) is downregulated, which diminishes the cytotoxicity of GEM ([@b25-ol-0-0-10627],[@b26-ol-0-0-10627]). Previous studies have reported that patients with low hENT1 expression respond poorly to GEM ([@b21-ol-0-0-10627],[@b27-ol-0-0-10627],[@b28-ol-0-0-10627]). Tanaka *et al* ([@b21-ol-0-0-10627]) analyzed gene transporter polymorphisms in 149 cases of advanced local pancreatic cancer, and the results demonstrated that the low expression of hENT1 was associated with grade III and IV neutropenia, chemoresistance to GEM (P=0.17) and a poor prognosis (progression-free survival of 4.2 vs. 8.3 months). In the present study, the GEM uptake ability of SW1990-GZ cells was significantly lower than SW1990 cells (P\<0.05). This may be a result of low hENT1 expression, and so hENT1 may be an appropriate treatment target for reducing GEM-resistance in pancreatic cancer. In addition, several lines of evidence indicated that abnormal changes in p53 protein levels are considered to be associated with resistance to tumor cells ([@b29-ol-0-0-10627]). The results demonstrated that the protein expression of p53 was significantly increased in the GEM-resistant SW1990-GZ cells compared with the SW1990 cells ([Fig. 1](#f1-ol-0-0-10627){ref-type="fig"}), indicating that increased gemcitabine chemoresistance in SW1990-GZ cells may due to the up-regulated protein expression of p53, which needs to be confirmed in future studies.

Several studies have indicated that gemcitabine-resistant pancreatic cancer cell strain SW1990-GZ, induced by increasing drug dosage intermittently from SW1990, was extremely stable ([@b30-ol-0-0-10627],[@b31-ol-0-0-10627]). Consistently, the morphological observation and drug resistance testing confirmed the stability of SW1990-GZ cell in the present study. Taken together the above results, we concluded that SW1990-GZ cell may be an ideal tool to investigate the molecular basis of the serious GEM-resistant phenotype of pancreatic cancer cells. However, this conclusion should be verified by repeated experiments.

Several limitations in the present study should be acknowledged. First, since the focus of the present study was on how to establish drug-resistant strains, the mechanisms of drug resistance have not been further examined. For example, due to the fact that GEM introduces DNA damage in cells as detected by g-H2AX, the amounts of g-H2AX between the parental SW1990 cells and SW1990-GZ cells in response to GEM should be checked and compared in subsequent experiments. Secondly, sequencing technology and professional institutions to distinguish the difference between the two cell lines should be conducted. Third, to confirm the hypothesis that GEM resistance of SW1990-GZ cells may be due to their lower uptake of GEM, the expression changes of the transporter genes such as ABC transporters should be investigated. Finally, the present study only carried out drug resistance experiments on SW1990 cells, and not in other pancreatic cancer cell lines.

In summary, the present study successfully established the GEM-resistant SW1990-GZ cell line. By assessing cytotoxicity, cell growth and drug-uptake capacity, the present study confirmed that SW1990-GZ cells are stably resistant to GEM and may be used to explore the possible mechanisms of GEM resistance. Further studies may utilize SW1990-GZ cells to further investigate the underlying mechanisms of chemoresistance and develop novel therapeutic targets for pancreatic cancer.
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